Internal carotid artery (ICA) plaques constitute one major source of retinal and cerebral brain embolism. Current guidelines recommend optimal treatment of cardiovascular risk factors and recanalization based on the degree of ICA stenosis. However, ICA plaque composition, motion, vascularization, and local hemodynamics have only received limited attention as potential and independent risk factors for plaque rupture. The European Carotid Surgery Trial (ECST) showed an increased risk of stroke recurrence even in moderate stenosis if the plaque surface was ulcerated in angiography. Further indicators of plaque instability and thus vulnerability were established by native or contrast-enhanced two-dimensional duplex ultrasound, CT, and MRI. Due to high soft tissue contrast, multi-contrast MRI seems to be ideally suited to identify plaque compositions that are prone to rupture, although data from large clinical trials proving the independent predictive value of plaque morphology are lacking. The role of cardiovascular risk factors for atherosclerosis of the common carotid artery is well established. Nevertheless, little is known concerning the impact of local hemodynamics on plaque development, progression, and rupture. Wall shear stress, the friction force acting on the endothelium of the vessel wall, was shown to be able to induce local atherosclerosis and vulnerable plaques in animal models. Plaque movement and deformation was limited to investigations using ultrasound in order to identify plaques at risk. Similarly, models to calculate tensile plaque stress seem to be able to identify peak mechanical stress acting on plaque surfaces that make such regions susceptible to rupture. In this review, current evidence regarding the correlation of plaque location, composition, and local hemodynamics at the carotid artery bifurcation will be presented. Moreover, the potential benefit of a future comprehensive and individual risk assessment will be discussed.
Introduction
Internal carotid artery (ICA) stenosis constitutes one major source of ipsilateral retinal and cerebral embolism. Current guidelines recommend optimal treatment of cardiovascular risk factors in patients with carotid atherosclerosis. Recanalization of ICA stenosis is primarily indicated if the degree of stenosis is 6 50% following North American Symptomatic Carotid Endarterectomy Trial (NASCET) criteria [1] and in particular if that stenosis was symptomatic. However, a number of patients with 70% ICA stenosis remain asymptomatic for years whereas others with only 30% ICA stenosis suffer ipsilateral stroke of otherwise cryptogenic etiology. Therefore, the degree of stenosis does not provide complete information and it is obvious that other factors must contribute to plaque stabilization or rupture. The histological composition of plaques is a promising candidate: the existence of a stable plaque in one patient and of a vulnerable plaque type in another patient is probably significant regarding the hazardousness of ICA plaques.
For clinicians it is essential to identify factors that promote progression of atherosclerosis and that ultimately predict plaque rupture. Moreover, in patients developing, for example, 70% ICA stenosis despite intensive conservative treatment, recanalization therapies should be directed in time and before stroke occurs. Potentially, this can be achieved by characterization of plaque components such as plaque hemorrhage or a large lipid-necrotic core. These features can be demonstrated using modern imaging techniques such as high-resolution ultrasound, MRI, and CT in combination with PET imaging [2] . Additionally, including analysis of individual blood flow at the site of such plaque seems to be necessary to comprehensively evaluate all factors that influence plaque destabilization and in the end retinal or cerebral embolism. Mechanical forces such as wall shear stress (WSS) [3] or tensile stress [4] that act on the vessel endothelium or on the plaque volume could be ancillary to stratify the individual risk of atherogenesis and plaque rupture.
A more comprehensive risk assessment of predictors of plaque rupture could finally lead to an optimal treatment providing maximum security and minimal side effects for the individual. Therefore, it is the aim of this review to give an overview about current concepts and evidence concerning vulnerable plaques, with particular emphasis on plaque hemodynamics.
Plaque Morphology

The Concept of Vulnerable Plaques
The NASCET [5] , European Carotid Surgery Trial (ECST) [6] and Asymptomatic Carotid Surgery Trial (ACST) [7] investigated the benefit of carotid endarterectomy and of surgery compared to conservative treatment, respectively. However, they mainly focused on the degree of ICA stenosis. Nonetheless, a subgroup analysis of the ECST trial revealed that the risk of stroke was higher in patients with additional plaque ulcerations in digital subtraction angiography and indicated that factors besides lumen narrowing play a role in embolism.
The term vulnerable plaque was introduced by Muller et al. [8] to describe atherosclerotic plaques that are prone to rupture and the underlying cause of most clinical coronary events. Subsequently, this concept was transferred to carotid artery plaques and compared with specific features in histopathology. A consensus paper for the definition of vulnerable plaques was provided in 2003 in order to 'identify apparently healthy subjects at risk of future events' by proposed plaque criteria [9] . It consisted of the following major criteria of plaque vulnerability: active inflammation, thin cap with a large lipid core, endothelial denudation with superficial platelet aggregation, a fissured plaque or stenosis 1 90%. Additionally, minor criteria were, for example, intraplaque hemorrhage or positive outward remodeling. However, definitive proof of the vulnerable plaque concept by an appropriate animal model of atherosclerosis or by human studies providing a clear cause-and-effect relationship does not yet exist [10] . Therefore, the diagnostic and predictive accuracy of imaging techniques of vulnerable plaques still need to be evaluated in large clinical trials [11] .
Imaging of Vulnerable Plaques
A number of noninvasive diagnostics including ultrasound, CT, MRI, and PET exist to date and allow characterization of plaque composition. However, the information concerning the detailed tissue components and accuracy for the determination of vulnerable plaques is variable [2] . In this part of the review, current ultrasound techniques and MRI approaches will be highlighted. Both modalities do not expose patients to radiation in contrast to CT or PET in combination with CT or MRI [2] . Furthermore, ultrasound and MRI provide detailed plaque information with high spatial resolution and, in the case of MRI, high soft tissue contrast. Therefore, they appear as the most promising tools for future diagnostic or monitoring of patients with ICA stenosis.
Ultrasound
Plaque Echogenicity and Microemboli An indirect stratification of individual plaque risk and thus vulnerability was performed in the Asymptomatic Carotid Emboli Study (ACES) trial. Patients with previously asymptomatic and 6 70% ICA stenosis were monitored for cerebral microemboli of the middle cerebral artery in Doppler ultrasound. Subjects with a high rate of microemboli had a significantly higher risk of transient ischemic attack during follow-up compared to those with only few microembolic signals [12] . In a subgroup analysis, echolucency of asymptomatic 6 70% ICA stenosis in longitudinal and transverse B-mode ultrasound was assessed on a five-step visual grading scale. Patients with echolucent plaques had a hazard ratio (HR) of ϳ 6 for ipsilateral stroke, and in combination with the positive microemboli signals at baseline HR the ratio increased to ϳ 10. These findings demonstrate the potential of comparable and readily available ultrasound techniques to identify initially asymptomatic patients with obvious vulnerable ICA plaques [13] .
Plaque Surface Motion Another interesting application of ultrasound is the monitoring of plaque surface motion over time. Three-dimensional (3D) data of plaque motion and surface deformation were acquired in the study of Meairs et al. [14] using 4D B-mode ultrasound providing a spatial and temporal resolution of ϳ 0.2 mm 3 and 25 frames/s, respectively. Data were analyzed by motion detection algorithms, and apparent velocity fields (i.e. optical flow) were calculated. These were visualized as vectors representing movement of the plaque surface between initial 3D coordinates of the plaque volume and subsequent coordinates during the heart cycle. The authors hypothesized that multiple tears within symptomatic plaques would make plaques prone to deformations caused by the mechanical forces of blood flow. Thus, an increased plaque motion would be detectable. Accordingly, stable plaques should not show deformations and changes in the plaque surface. Atheroma of 22 symptomatic and 23 asymptomatic patients with 50-90% ICA stenosis (NASCET criteria) were examined and compared. Drawbacks of the technique included extensive plaque calcifications or high-grade ICA stenosis hampering analysis in one third of the patients. The maximal discrepant surface velocity in systole (i.e. the maximum of the differences between maximal and minimal surface velocities of successive 3D frame volumes) was significantly higher in symptomatic (3.9 mm/s) versus asymptomatic (0.6 mm/s) plaques, indicating inherent plaque movement in symptomatic patients. These findings were confirmed in another study in healthy volunteers and in case reports using only 2D ultrasound [15] [16] [17] . However, the technique is complex and requires both high-resolution 3D ultrasound and dedicated software to calculate and quantify plaque motion.
Contrast-Enhanced Ultrasound
Vasa vasorum (VV) represent a network of small vessels that supply and drain the walls of larger arteries or veins. Early vessel inflammation/atherosclerosis seems to lead to hyperplasia of the adventitial VV whereas in advanced atherosclerosis new microvessels develop in the intima and media layer and thus in the plaque itself. Such changes were found in animal models, autopsy studies, and clinical reports and indicate that an increase in new microvessels also increases the development of rupture-prone atheroma. Interestingly, intraplaque hemorrhage, which has gained considerable significance as a parameter of vulnerable plaques, seems to result from the development of leaky neointimal vessels [18] .
Contrast-enhanced ultrasound (CEUS) is an easy, accessible, and promising imaging tool that can be used to noninvasively visualize VV of the adventitia and of carotid artery plaques. Ideally, a B-mode image of the plaque is taken before CEUS in order to discriminate between areas of the plaque that are echolucent due to calcification or due to subsequent contrast enhancement. One of the many available contrast agents is injected into a peripheral vein as a bolus followed by saline injection. Then, high-resolution ultrasound (7-to 10-MHz ultrasound probe) is applied to the carotid wall and plaques and can be used in combination with contrast imaging software providing pulse inversion or harmonic imaging. Contrast agents consist of gas-filled microbubbles with a diameter of 1-4 m which allows them to pass microvessels. These very small bubbles oscillate or burst as soon as they are insonated by ultrasound, enhance the reflection of ultrasound waves, and consecutively increase echogenicity in ultrasound images [19] .
The mechanical index should be lowered to ! 0.2, resulting in an echolucent or hypoechoic signal of the adventitia and of the plaque. Accordingly, an increase in echogenicity in the wall or in the plaque itself after contrast injection can be identified as contrast en- hancement due to tissue perfusion ( fig. 1 ). In addition to imaging of the VV, CEUS provides an improved delineation of plaque surfaces and identification of plaque irregularities or ulcerations. Moreover, in some patients CEUS can be beneficial to discriminate near-occlusion from occlusion of the distal ICA due to the improved visualization of the residual lumen and minimum blood flow. However, a standardized quantification of the extent of the VV has to be established. In complement to measured semiquantitative two-or four-step scores, changes of signal within the plaque compared to the signal of blood were used to quantify plaque or adventitial hypervascularization. In conclusion, data from animal models and human studies show that CEUS is able to measure the presence and the extent of the VV network and of plaque neovascularization.
Magnetic Resonance Imaging
Quantification of the VV can also be identified by MRI using dynamic contrast material-enhanced MRI as recently demonstrated in 28 patients with carotid or coronary artery disease [20] . The strength of current MRI techniques, however, is the ability to identify key determinants of plaques using multi-contrast imaging. To date, measurement accuracy and robustness and the reliable identification of different plaque constituents has been proven by several groups [2] . Different plaque components, in particular the lipid-rich necrotic core, plaque hemorrhage, and the fibrous cap thickness measurements or rupture detection can be accurately identified due to their typical appearance and intensities in different MR sequences [21] . Multi-contrast MRI protocols typically consist of time-of-flight angiography, T1, T2, and proton density weighted sequences. Some authors included T1 postcontrast application for the identification of an inflammation of the fibrous cap or for the discrimination of calcification within carotid or aortic atheroma [21, 22] .
Saam et al. [23] examined the carotid bifurcations of 192 subjects that were recruited from the vascular ultrasound laboratory using multi-contrast MRI at 1.5 T and evaluated the existence of vulnerable [i.e. American Heart Association (AHA) classification type VI] plaques. The incidence of such plaques was ϳ 75% in 80-99% ICA stenosis (NASCET criteria) and decreased with decreasing lumen narrowing. Interestingly, type VI plaques were found in ϳ 22% of the patients with only low to moderate stenosis (16-49%) that would usually not undergo recanalization following current guidelines. These findings show that MRI is able to detect patients with an obviously low risk if the degree of stenosis is considered but potentially can detect those with a high risk if plaque composition is regarded. The incidence of complicated ICA plaques on the side of brain infarction compared to the asymptomatic contralateral side is currently being investigated in a multi-center trial (CAPIAS -carotid plaque imaging in acute stroke).
Summary
The ultrasound and MRI techniques presented here seem highly promising for the discrimination of carotid plaques at risk. However, further evaluation in future clinical trials is necessary for both techniques: in ultrasound the value of microemboli detection in asymptomatic ICA stenosis, as well as of plaque surface or plaque volume motion, and the quantification of VV, and in MRI, the detection of vulnerable plaques by current and future multicontrast MRI protocols. The trials have to prove that it is beneficial to identify patients at risk based on both stenosis degree and stenosis morphology. Finally, the fastest and most accurate technique of these approaches that is applicable in clinical practice needs to be identified. These methods are of interest for patients with 6 50% ICA stenosis but especially for those with ICA stenosis of only 30-50% that currently do not undergo recanalization.
Plaque Hemodynamics
Specifics of the Carotid Bifurcation
The carotid bifurcation guides blood from the common carotid artery (CCA) to the brain supplying ICA, and to the external carotid artery (ECA) that supplies the skin and muscles of the head. Accordingly, there is flow separation together with dilatation of the distal CCA/proximal ICA, causing a deceleration of blood flow and thus generating a typical helical flow pattern within the ICA. Such hemodynamics have been shown in flow and computational fluid dynamics (CFD) models and can now be measured in vivo in humans and visualized in 3D using flow-sensitive 4D MRI [24] . The characteristic hemodynamic situation at the proximal ICA bulb is coincident with the predilection site for the occurrence of ICA plaques and stenosis.
However, this anatomic feature is necessary both for the distribution of blood flow and for the accurate measurement of local blood pressure by baroreceptors that are located at the border zone of the media and adventitia of the wall of the ICA bulb. These quantify local pressure or pressure changes and send signals to the medulla oblongata of the brain which regulates arterial blood pressure by inhibition of the sympathetic and stimulation of the parasympathetic nervous system.
Carotid Plaque Hemodynamics
The role of cardiovascular risk factors for the development and progression of generalized atherosclerosis is well established. In contrast, the role of local hemodynamics such as WSS or tensile stress in plaque development, progression, and rupture in humans is only partially understood. Initially, early atherosclerosis and low grade ICA stenosis caused by an atheroma is compensated by outward remodeling to a certain extent, leading to vessel dilation to minimize the stenotic effect. These early changes are most likely due to low and oscillatory shear stress. Further plaque progression constitutes an increasing obstruction of blood flow that needs to traverse the residual vessel lumen. The consecutive interaction of mechanical forces on the upstream plaque shoulder enhances the pressure on the proximal plaque area and can be measured as tensile stress. One can easily imagine that consecutive and rapid changes of blood pressure or changes in plaque configuration, i.e. a steep instead of streamlined inlet, increase stress on the plaque and lead to plaque rupture depending on plaque stability.
Wall Shear Stress
Given laminar blood flow conditions the lowest velocities are found at the vessel wall, whereas maximum velocities occur in the lumen center and form a nearly parabolic flow profile. The wall shear rate is the ratio between adjacent blood flow velocities close to the vessel wall. Accounting for blood viscosity allows the calculation of WSS in newtons per square meter. WSS represents the friction force of flowing blood that acts on the endothelial wall. WSS can vary considerably throughout vascular beds and is especially altered at the outlet or at the inner curvature of arteries. Low WSS and oscillating WSS, i.e. a local and rapid change in flow direction within the cardiac cycle, are considered to be responsible for the development and progression of local atherosclerosis. These flow disturbances promote sustained activation of a number of atherogenic genes in the endothelial cells such as monocyte chemotactic protein-1 that induces monocyte infiltration into the arterial wall, and platelet-derived growth factors that enhance the turnover of endothelial cells and migration of smooth muscle cells into the subintimal space [25, 26] . A precise calculation of absolute WSS requires a method capable of high spatial and temporal resolutions. In addition, blood flow and accordingly WSS are vector quantities and therefore optimal diagnostics of WSS need to be able to quantify blood flow in 3D.
In an experiment of cultured bovine endothelial cells [25] , different patterns of cellular organization dependent on the type of flow, i.e. no flow, laminar flow, or oscillating flow, were shown. Laminar flow induced a homogeneous orientation of cells along the flow direction and thus a compact organization with only minimal intercellular gaps. By contrast, oscillating flow led to a copper stone pattern suggesting a more vulnerable cellular network. In an animal model of Apo E knockout mice that were fed a Western diet, Cheng et al. [27] followed the spontaneous development of early atherosclerotic lesions in the aortic arch and the supra-aortic arteries over a period of 6 weeks. Furthermore, a cast positioned at one ICA caused ϳ 70% stenosis. As expected, histopathology revealed that atherosclerotic lesions occurred at the outlet of the supra-aortic arteries and at the inner curve of the aortic arch. More interestingly, however, zones of increased WSS such as at the stenotic ICA segment were protected from atherosclerosis, but regions of high oscillatory shear stress (distal to the stenosis) caused stable plaques, and low WSS (proximal to the stenosis) caused vulnerable lesions. Using CFD, Lee et al. [28] studied the distribution of WSS of 64 bifurcations of healthy volunteers in combination with 3D anatomical information provided by MR angiography. Disturbed blood flow was quantified as the surface area exposed to low and oscillatory shear beyond objectively defined thresholds. Moreover, carotid bifurcation geometry was analyzed individually and correlated with the distribution of WSS. As a result, multiple regressions revealed that there was a significant relationship between disturbed flow and both the proximal area ratio, i.e. the ratio between the size of the area of the proximal ICA and ECA compared to the CCA, and bifurcation tortuosity. Accordingly, a large ICA bulb and an elongation of the ICA predisposed to the occurrence of disturbed flow.
However, data from in vivo studies are sparse. Therefore, flow-sensitive 4D MRI was applied to measure WSS distribution along the carotid bifurcation in 32 healthy volunteers and patients with high-grade ICA stenosis before and after carotid endarterectomy at 3 T [29] . Absolute and oscillating WSS were calculated within standardized analysis planes along the CCA and ICA and using in-house software. Geometrical parameters similar to those presented in the CFD study by Lee et al. [28] were measured in vivo ( fig. 2 ) . The temporal and spatial resolution of that method and thus the accuracy of absolute values of WSS were limited compared to CFD studies. However, this study allowed reliable assessment of relative changes in WSS along the carotid bifurcations in a large number of carotid arteries in vivo. The values of oscillatory and low WSS of all healthy volunteers were pooled and the highest and lowest 10 and 20% of the values of absolute WSS and OSI, respectively, were defined as critical WSS. Interestingly, such WSS was consistently concentrated in proximal bulb regions of the CCA and ICA and thus at the site where carotid artery plaques typically develop. Multiple linear regressions revealed that, similar to the results of Lee et al. [28] , critically low absolute WSS significantly correlated with the ICA/CCA diameter ratio. Regions exposed to critically high OSI were significantly correlated with a large bifurcation angle, distinct tortuosity of the ICA, and a large ICA/CCA diameter ratio. Moderate ICA stenosis (i.e. 20-40% NASCET criteria), however, altered the physiological WSS distribution in the carotid bifurcation due to removal of the ICA bulb, flow acceleration within the stenosis, and poststenotic complex flow patterns. Patients with previously 6 50% ICA stenosis (NACSET criteria) who underwent carotid surgery showed a recovery of flow patterns and distribution of WSS that were comparable to healthy volunteers. Thus, flow-sensitive 4D MRI seems very promising to study the influence of individual bifurcation geometry, plaque formation, and progression on local hemodynamics. Moreover, this technique seems ideally suited for combination with multi-contrast MRI for carotid plaque imaging in order to study fluid-structure interactions in vivo. Yang et al. [30] studied the progression of carotid plaques in 14 patients over 18 months using repeated in vivo multi-contrast MRI at 1.5 T. Plaque wall stress and flow shear stress were calculated using 3D fluid-structure interaction models and matched with wall thickness increases during follow-up. In the majority of patients, flow shear stress was positively correlated with an increase in wall thickness and indicated an interaction of flow parameters and plaque development.
Tensile Stress
Tensile stress (measured in kPa) is the stress state leading to expansion of a material, i.e. the material length increases in the tensile direction. Accordingly, tensile stress is the opposite of compressive stress. Fracture stress has been defined as tensile stress that is above the required strength of a material to maintain structure (e.g. a plaque tissue) and thus leads to rupture of the plaque. Accordingly, the risk of plaque rupture is high in coincidence with high tensile stress and a vulnerable plaque composed of a thin fibrous cap, a large lipid-rich/necrotic core, and limited stabilizing tissue such as smooth muscle cells or fibrous tissue. The maximum tensile stress can be found at the fibrous cap of the upstream shoulder of the plaque and corresponds with the observation of fissures and ruptures. A high pressure drop over the stenotic segment, due to a high-grade luminal narrowing or a steep inlet of the stenosis, constitutes a predisposition to plaque rupture. Due to much higher values of tensile stress compared to WSS, it appears that tensile stress is the major hemodynamic factor responsible for . Thus, larger zones of the proximal ICA and ECA are exposed to low WSS and suggest a potentially higher risk of atherogenesis in volunteer 2 compared to volunteer 1. The geometry parameters measured in volunteer 2/volunteer 1 were: bifurcation angle, 41°/23°; tortuosity, 1.03/1.02, and ICA/CCA diameter ratio, 1.2/1.1, respectively. Reproduced with permission from Markl et al. [29] .
plaque rupture. Calculations of tensile stress are currently performed using CFD models illustrating that even relatively small pressure drops can induce high tensile stress especially at the thinnest site of the fibrous cap [31] . Using in vivo multi-contrast MRI in combination with a 3D reconstruction of plaque geometry and fluid structure interaction simulation for biomechanical analysis, Gao et al. [32] studied 12 symptomatic patients with previous acute transient ischemic retinal or cerebral ischemia and 8 asymptomatic patients from a specialist neurovascular clinic. In this study, extreme tensile stress was found at the fibrous cap of the proximal plaque shoulder and the local maximum stress levels were significantly higher in symptomatic compared to asymptomatic patients. In addition, an increase in the degree of ICA stenosis correlated with an increase in extreme stress upstream from the plaque throat.
Conclusion
Future investigations should establish an in vivo diagnostic that provides a fast 3D assessment of WSS with higher spatial and temporal resolution compared to current protocols in order to monitor early changes in atherosclerosis due to local hemodynamics. Identification of plaques that are prone to rupture could be achieved by calculations of tensile stress. However, this technique is even more time consuming than determination of WSS and currently requires CFD models. The value of predicting plaque development and rupture due to hemodynamics should be determined in longitudinal clinical studies. For the moment, these techniques are of high scientific value, but significant simplifications and acceleration of data analysis are needed before they will be accepted by clinicians and executed in clinical routine.
Clinical Perspective
In this review, current evidence regarding the correlation of plaque location, composition, and local hemodynamics at the carotid artery bifurcation was described with emphasis on imaging of vulnerable plaques, including the hemodynamic impact of plaque microcirculation and WSS. CEUS and multi-contrast MRI for the detection of vulnerable plaques seem to be especially promising. Standardization of protocols and of quantification is still necessary, though applications in clinical routine appear feasible in the near future provided that large clinical trials have proven their independent value for risk stratification beyond assessment of the degree of ICA stenosis. It seems obvious that WSS is more significant for the initial development of atherosclerosis and for the composition of plaques. The individual anatomy of the carotid bifurcation appears to influence the distribution of WSS, and thus certain individuals might be at an additional risk of atherosclerosis independent of established cardiovascular risk factors. These patients could benefit from an intensified treatment of cardiovascular risk factors. Tensile stress, however, seems to be relevant in later stages of atherosclerosis and the calculation of tensile stress could identify relevant triggers such as an increase in hypertension for immediate plaque rupture.
Further improvement and acceleration of the measurement and analysis of plaque morphology and hemodynamics derived from either ultrasound or MRI could provide a comprehensive and patient-tailored risk assessment. This may improve decision making to select the best treatment (e.g. conservative, stent angioplasty, or surgery). For radiologists or vascular surgeons, assessment of 3D hemodynamics at the carotid bifurcation and simulations of the influence of geometrical changes on blood flow could help to optimize stent positioning and design or to choose eversion endarterectomy instead of patch repair in order to minimize restenosis rates.
